Many axon guidance ligands and their receptors have been identified, but it is still unclear 14 how these ligand-receptor interactions regulate events in the growth cone, such as protrusion 15 and cytoskeletal arrangement, during directed outgrowth in vivo. In this work, we dissect the 16 multiple and complex effects of UNC-6/Netrin on the growth cone. Previous studies showed 17 that in C. elegans, the UNC-6/Netrin receptor UNC-5 regulates growth cone polarity, as 18 evidenced by loss of asymmetric dorsal F-actin localization and protrusion in unc-5 mutants. 
growth away from UNC-6/Netrin: growth cone protrusion; F-actin asymmetric accumulation; 134 and EBP-2::GFP distribution, which has been used previously to monitor MT + ends in C. 135 elegans embryos and neurons (SRAYKO et al. 2005; KOZLOWSKI et al. 2007 ; YAN et al. 136 2013) . We find that UNC-6/Netrin is required for the excess protrusion in unc-5 mutant 137 growth cones, similar to UNC-40, and that UNC-6/Netrin, along with UNC-5, polarizes 138 growth cone F-actin accumulation and protrusion to the dorsal leading edge, resulting in 139 focused dorsal protrusion of the growth cone. We find that EBP-2::GFP puncta are found in 140 excess in unc-5, unc-6, and unc-33 mutant growth cones, suggesting that UNC-6/Netrin and 141 UNC-5 signaling can block MT + end accumulation in growth cones, which correlates with 142 inhibited growth cone protrusion, and suggests a pro-protrusive role for MTs in the growth 143
cone. Finally, we show that UNC-6/Netrin and UNC-40 stimulate VD growth cone protrusion 144 downstream of dorsal F-actin polarity and growth cone EBP-2::GFP accumulation. An 145 implication of our results is that in a growth cone growing away from an UNC-6/Netrin 146 source, UNC-6/Netrin both stimulates protrusion dorsally, away from the source, and inhibits 147 protrusion ventrally, near the source, resulting in directed outgrowth. Figure 3D ). This loss of VAB-10ABD::GFP asymmetry was accompanied by a 257 corresponding loss of dorsal asymmetry of filopodial protrusion, which occurred all around 258 the growth cone in unc-5 and unc-6 mutants (NORRIS AND LUNDQUIST 2011). unc-40 null 259 mutants displayed relatively normal VD growth cone protrusion compared to wild-type and 260 also showed no effect on VAB-10ABD::GFP distribution ( Figure 3A and C and (NORRIS AND 261 LUNDQUIST 2011). These results suggest that UNC-6 and UNC-5 normally control 262 distribution of F-actin to the dorsal leading edge of the VD growth cone, and thus restrict 263 filopodial protrusion to the dorsal leading edge. 264 265 unc-5 and unc-6 mutants displayed significantly increased numbers of EBP-2::GFP puncta in 266 VD growth cones and filopodial protrusions ( Figure 2I and L). In some mutant growth cones, 267 more than eight puncta were observed, whereas wild-type never showed more than five. unc-268 40 mutants displayed no significant increase in EBP-2::GFP puncta accumulation ( Figure 2I  269 and K). Sizes of EBP-2::GFP puncta in C. elegans neurons were previously found to be on 270 the order of the smaller puncta we observe in wild type (~100nm) ( Figure 2J ) (MANIAR et al. 271 2012). In unc-5 and unc-6 mutants, we observed larger puncta (~0.5-1μm) ( Figure 2L ). We 272 do not understand the nature of the distinct puncta sizes, but the same integrated transgene 273 was used to analyze wild-type and mutants. This suggests that puncta size and number are an 274 effect of the mutant and not transgene variation. In sum, these studies suggest that UNC-5 275 and UNC-6 are required for the dorsal bias of F-actin accumulation in VD growth cones, and 276 might be required to restrict MT + end entry into VD growth cones as represented by 277 increased numbers of EBP-2::GFP puncta in mutant growth cones. 278 279 EBP-2::GFP puncta accumulation and loss of growth cone F-actin polarity in unc-5 280 mutants is not dependent on functional UNC-6 or UNC-40. 281 We found that in unc-5(e53); unc-40(n324) and unc-5(e53); unc-6(ev400) double mutants, 282 VAB-10ABD::GFP distribution resembled that of unc-5 mutants alone (i.e. was randomized 283 in the growth cone) (Figure 4A-D) . Likewise, EBP-2::GFP accumulation resembled unc-5, 284 with increased EBP-2::GFP puncta compared to wild-type or unc-40 alone ( Figure 4E-H) .increased EBP-2::GFP accumulation. These results suggest that UNC-6 and UNC-40 have a 288 role in protrusion that is independent of UNC-5-mediated F-actin dorsal accumulation and 289 EBP-2::GFP accumulation. Consistent with this idea, unc-6(ev400) null mutants alone 290 displayed loss of F-actin polarity and increased EBP-2::GFP puncta ( Figures 3 and 4 Mutations in the Rho-specific GEF domain of unc-73 led to a complex phenotype. Growth 499 cones were slightly smaller with slightly increased filopodial length. F-actin polarity was 500 unaffected, but excess EBP-2::GFP puncta were observed. This phenotype could reflect the 501 role of RHO-1 in the growth cone, or could reflect that these mutations are not specific to the 502 Rho GEF domain and might affect overall function of the molecule. In any event, these 503 mutations display a distinct phenotype compared to unc-73(rh40), which is specific to the 504 Rac GEF activity of UNC-73. 505
506
The Rac GTPases CED-10 and MIG-2 affect F-actin polarity and EBP-2::GFP 507 accumulation. The Rac GEF activity of UNC-73/Trio was required for F-actin polarity but 508 not EBP-2::GFP restriction. However, the mig-2; ced-10 Rac double mutant displayed both 509 F-actin polarity defects and excess EBP-2::GFP puncta (Figure 7) , suggesting that Rac 510
GTPases have an UNC-73/Trio Rac GEF activity-independent role in EBP-2::GFP restriction 511 and thus possibly MT + end restriction from the growth come. Possibly another Rac GEF 512 regulates MIG-2 and CED-10 in MT + end restriction. Despite unpolarized F-actin and 513 excess MT + ends, the growth cones in mig-2; ced-10 double mutants have only subtly-514 increased filopodial protrusions, much weaker than unc-73(rh40). This might be due to MIG-515 polarity defects, protrusion of the ced-10 and mig-2 growth cones resembles wild-type. This 521 could again be explained by their roles in both pro-and anti-protrusive activities. 
